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ABSTRACT

Background: Sjogren’s syndrome (SS) is one of the most common autoimmune disorders leading to ex-
ocrine gland dysfunction. Both immune-dependent processes - like Type I Interferon (IFN) signaling and
immune-independent processes — such as calcium signaling in epithelial cells - contribute to disease
pathophysiology. However, a mechanistic link between these processes has not been demonstrated.
Methods: Primary human salivary gland cells were used to evaluate the differential expression of miRNAs
with smRNA-seq in primary epithelial cells culture and digital PCR was conducted in SS human salivary
glands (SG) biopsies to verify the results. With siRNA screening and pull-down assays to establish the
role of miRNA in IFN activation.
Findings: Activation of IFN-8 by miR-1248 is through the direct association with both RIG-I and AGO2.
Further functional studies establish a unique dual functional role of miR-1248 in phSG cells: i) activation
of the RIG-I pathway by acting as ligand of this sensor leading to IFN production and ii) regulation of the
expression of mRNAs through the canonical microRNA function. Importantly, ITPR3, a key component of
calcium signaling in epithelial cells, that has previously shown to be downregulated in SS SG, was directly
targeted and downregulated by miR-1248, inducing the same functional calcium signaling changes as
observed in SS SGs.
Interpretation: Identification of the first endogenous mammalian microRNA that binds to RIG-I induc-
ing IFN production but also demonstrate a novel pathophysiological underlying mechanism in which
miR-1248 overexpression links two major pathways associated with SS, namely activation of IFN pro-
duction with modulation of calcium signaling. Together, these findings suggest a unifying hypothesis for
the immune-independent and -dependent processes contributing to the pathogenesis of SS.
Fund: This research was supported by the Intramural Research Program of the National Institutes of
Health (NIH), National Institute of Dental and Craniofacial Research (NIDCR).
© 2019 Published by Elsevier B.V.
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Research in context

Evidence before this study

Sjogren’s syndrome is one of the most common autoim-
mune disorders leading to exocrine gland dysfunction. Many
studies reported recently indicate both immune-dependent
processes - like Type I Interferon (IFN) signaling - and
immune-independent processes - such as calcium signaling
in epithelial cells - contribute to disease pathophysiology.
More than 50% of SS patients show an IFN signature eleva-
tion. However, a mechanistic link between these processes
has not been demonstrated.

Added value of this study

Our study identify the role of endogenous mammalian
miRNA that not only could initiate IFN signaling but also
demonstrate a novel pathophysiological underlying mecha-
nism in which miR-1248 overexpression links two major
pathways associated with SS, namely activation of IFN pro-
duction with modulation of calcium signaling. These findings
suggest a unifying hypothesis for the immune-independent
and -dependent processes contributing to the pathogenesis
of SS.

Implications of all the available evidence
The role of miR-1248 in IFN induction and signaling in

salivary epithelial cells identifies new mechanistic pathways
and potential target for therapies.

1. Introduction

Sjogren’s syndrome (SS) is an autoimmune disorder that targets
exocrine glands, primarily the salivary and lacrimal, resulting in
dry mouth (xerostomia) and dry eyes (xeropthalmia). In the sali-
vary glands (SGs), the reduction or complete loss of saliva secretion
has been attributed to acinar cell dysfunction [1,2]. Numerous hy-
potheses have been proposed for the pathogenesis of salivary ep-
ithelial cell dysfunction in SS, including both immune-independent
and immune-mediated mechanisms [3,4].

Emerging studies have shown alterations in interferon (IFN)
signaling pathways, especially the upregulation of IFN-inducible
genes (IFN signature) in salivary glands and peripheral blood in
subgroups of SS patients [5-9]. IFNs have been shown to regu-
late more than 2000 coding and non-coding RNA transcripts, in a
highly coordinated manner, depending on subtype, timing, dosage,
cell types, and pathophysiological status [10]. An IFN signature has
been shown to be present in peripheral blood in 55% of SS pa-
tients and has been linked to higher disease activity, presence of
anti-Ro/SSA and anti-La/SSB antibodies and hypergammaglobuline-
mia [11]. It is likely that IFN promotes adaptive immune responses
through the activation of immune cells and induction of cytokine
production [12-14]. However, it still remains unclear what initiates
the IFN response in SS patients.

MicroRNAs (miRNAs) are small non-coding RNAs that bind to
target transcripts and block translation. Studies have shown that
miRNAs regulate a wide range of biological processes [15-19], in-
cluding innate immune response and viral infection. In the context
of autoimmune diseases, particularly systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA) and Sjogren’s syndrome [20-22],
miRNAs have been shown to modulate IFN signaling by targeting
key genes [23,24]. However, in SS patients, these same miRNAs can
show apparently conflicting or paradoxical effects on IFN [25].

There is growing evidence that salivary dysfunction in SS may
not be tightly linked to the autoimmune response. Bookman et al.
[26] found that characteristic clinical measures of SS, such as stim-
ulated salivary flow, correlate poorly with inflammation (r? <0.11).
In our own studies, we have shown that SGs and SG epithelial cells
from patients with SS display a marked reduction in ITPR3, a key
protein involved in store-operated calcium entry (SOCE) that trig-
gers fluid secretion in SG acini [27].

We previously established primary human SG epithelial cell cul-
tures (phSG) that retain highly proliferative growth in low calcium
medium (0.05 mM) but display differentiated acinar-like phenotype
in high calcium (1.2 mM) medium [28]. We performed small RNA
profiling using smRNA-seq to identify calcium-regulated miRNAs
that may be involved in the change in phenotype of the phSG
cells. One of these miRNAs (miR-1248) was found in parallel Whole
Transcriptome profiling experiments of SS SG as significantly up-
regulated in SS and a high degree of correlation among endoge-
nous miR-1248 copy number and IFN signature in SS.

We pursued mechanistic studies to decipher the functional role
of this microRNA in SG. We document the link between miR-
1248 and the activation of IFN signaling pathway and confirmed
the secretion of IFN-B in miR-1248-transfected phSG cells. Fur-
ther, through investigation with siRNA screening and pull-down
assays, coupled with transcriptome sequencing analysis, we con-
firmed that miR-1248 directly binds to both AGO2 acting as a
canonical miRNA, and RIG-I (DDX58) activating directly the IFN
pathway. Importantly, we also identified DAK1, a negative regulator
of IFN-8 synthesis, and ITPR3, as target transcripts of miR-1248.

2. Materials and methods
2.1. Human samples

Human subjects research was carried out in accordance with
approved National Institute of Health (NIH) guidelines conform-
ing to the standards of the Declaration of Helsinki.All partici-
pants provided informed consent prior to the initiation of any
study procedures. Human samples were obtained from NIH Insti-
tutional Review Board approved protocols (ClinicalTrials.gov Iden-
tifiers: NCT00001196, NCT00001390) in the Sjégren’s Syndrome
Clinic at the National Institute of Dental and Craniofacial Research
(NIDCR) at the NIH in Bethesda, MD.

2.2. Plasmid construction

A 0.5kb DNA fragment encompassed precursor miR-1248 (pre-
miR-1248) region was amplified by PCR using human genomic DNA
as a template and cloned into pAC-LTR-EF-1¢ expression vector to
generate pAC-PremiR1248 plasmid (detail see supplement). The lu-
ciferase reporter constructs contained either DAK 3’-UTR (2.25kb,
named pLuc-DAK-3'UTR) or ITPR3 coding region (8.0kb, named
pLuc-ITPR3-CDS) were obtained from GeneCopeia. Luciferase re-
porter plasmids of Cignal IRF1 Reporter (CCS-7040L) and Cignal
ISRE Reporter (STAT1/STAT2, CCS-008 L) were used to monitor type
I IFN-induced signal transduction pathways (Qiagen). Expression
construct of RIG-I (pEF-Bos-FLAG-RIG-I) was a generous gifted from
Dr. M. Gale, Jr. (University of Washington).

2.3. Cell transfection, quantitative real-time PCR and luciferase assays

Indicated concentration of miRNAs, siRNAs and luciferase plas-
mids were transfected with either Lipofectamine RNAIMAX (Invit-
rogen) or Attractene transfectant (Qiagen) (see supplement). The
synthetic miRNAs (mimic) of has-miR-1248 and All Star negative
control miRNA (miR-N.C.) were from Qiagen. The siRNAs of IF-
NAR1, IFNAR2, AGO2, DAK, HMGB1, MAVS, MYD88, LGP2, RIG-1,
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ITPR3 were obtained from Ambion. Firefly and renilla luciferase ac-
tivities were determined by Dual-Luciferase Reagent Assay System
(Promega) with Fluostar Omega microplate reader (BMG Labtech).
Firefly luciferase activity was normalized with renilla luciferase ac-
tivity and expressed as fold change over control (see supplement).

2.4. Co-immunoprecipitation of protein and miRNA complex

The cell pellets of phSG cells transfected transfected with miR-
1248 mimic or transduced with viral pAC-Pre-miR1248 plasmid
were collected following the protocol of RNA ChIP-IT assay (Active
Motif) (see supplement). The binding complexes were pull-downed
with antibodies against either RIG-I, AGO2 or rabbit IgG (control,
all from Cell Signaling), or GFP (control, Ab290, Abcam) and the to-
tal RNAs were obtained and subjected to real-time PCR (RT-qPCR)
using a TagMan probe of miR-1248. (see supplement).

2.5. RNA library preparation and sequencing

Total RNA was isolated from cultured cells or from ten
20 um sections of minor salivary gland tissue in OCT using the
miRCURY™ RNA Isolation Kit - Cell & Plant (Exiqon). Total RNA
(200ng - 500 ng) was rRNA depleted with the RiboMinus Eukary-
otic Kit v2 (Ambion) and were subject to library preparation us-
ing the Ion Total RNA-Seq kit v2 (Thermo Fisher Scientific) accord-
ing to manufacturer protocols for small RNA or total RNA libraries
as indicated. The barcoded c¢DNA library was quantified a Bioana-
lyzer 2100 (Agilent) and input for template preparation using the
TIon PI™ Hi-Q™ Chef Kit and the Ion Chef instrument, followed by
sequencing on the Ion Proton sequencer (Thermo Fisher Scientific).

2.6. RNA-Seq data analysis

Following sequencing, the data were separated by barcode,
aligned with TMAP, and exported as part of the lon Torrent Suite
4.2.1 pipeline (Thermo Fisher Scientific). For small RNA sequenc-
ing (smRNA-Seq) in cell culture experiments, aligned BAM files for
each barcode were used as input into Partek Genomics Suite (ver-
sion 6.15.1016) and features were summarized by FPKM using miR-
Base 20 annotations. Differential expression was computed as the
ratio of FPKM values between low and high calcium samples. For
whole RNA sequencing in SG tissue, features were quantified us-
ing the featureCounts software [29] from the aligned BAM files
and analyzed for differential expression using the standard work-
flow of the DESeq2 package [30] for the R statistical programming
language. Reported p-values from RNA-Seq data are from a Wald
test adjusted with the Benjamini-Hochberg correction for multiple
hypothesis testing. The total RNA-Seq data were normalized using
the regularized log transformation from the DESeq2 package be-
fore computing IFN scores. A scoring system described previously
[31] was used to calculate scores using normalized values for each
sample. The score is the average number of standard deviations
above the mean expression in healthy samples of a preselected set
of genes. Genes were selected for IFN-alpha (IFIT1, IFI44, EIF2AK2),
beta (ISG15, OAS1, IFIH1, RSAD2, IFI6), and gamma (IRF1, GBP1, SER-
PING1) [32].

2.7. Live cell calcium imaging using confocal microscopy

HSG cells were loaded with Fluo-4 AM (10 uM; Invitrogen) in
its growth medium for 20 min at 37 °C; they were then washed for
20min in their growth medium without Fluo-4 AM. Standard ex-
tracellular solution without calcium was used to perform the ex-
periments. The cells were stimulated with 100 M Carbachol (CCh,
Sigma, St. Louis, MO, US.A.); and by subsequent addition of CaCl,

(1 mM). Cells were imaged using a FluoView 1000 (Olympus) con-
focal microscope; images were acquired every 1.5‘s. Fluo-4 AM was
excited with the 488-nm line of an argon ion laser with emission
at 510 nm. Regions of interest (ROI) were selected and fluorescence
intensity was determined as a function of time and expressed rel-
ative to the initial fluorescence.

2.8. Digital PCR quantification

To estimate the copy number of miR-1248 in salivary gland, to-
tal RNAs were isolated from 14 biopsy samples (6 health controls
and 8 SS patients) with miRCURY RNA Isolation Kit (Exiqon). Fifty
nanogram of total RNA was reversed transcribed with the Taq-
Man miRNA Reverse Transcriptase kit (Thermo Fisher Scientific)
and the PCR reaction was loaded on chips (two per sample) on
the ProFlex PCR system. End-point detection of the hsa-miR-1248
TagMan Assay was performed on the QuantStudio 3D Digital PCR
System (Thermo Fisher Scientific) and the data were analyzed by
QuantStudio 3D software for copy number and quality control cal-
culations.

2.9. Statistical analysis

Statistical significance was evaluated using Student’s t-test anal-
ysis, unless otherwise specified. The level of significance was set
p <.05 for all analyses.

2.10. RNA sequencing data

The data analyzed in this study are deposited in database db-
GaP under the study accession phs001842.v1.p1 and study name
“RNAseq of Sjogren’s Syndrome and Healthy Volunteers’ Salivary
Glands”.

3. Results
3.1. Differential expression of miRNAs in SS and in phSG cells

Alterations in calcium signaling have been shown to be associ-
ated with SS and salivary gland dysfunction [27,33] In an attempt
to understand the biological pathways and processes that under-
lie this phenomenon, we performed a pilot experiment and com-
pared miRNA expression profiles using small-RNA deep-sequencing
(smRNA-Seq) in phSG cells maintained in keratinocyte growth
medium (KGM) containing either low (0.05mM, KGM-L) or high
(1.2mM, KGM-H) calcium. Thirty miRNAs were differentially ex-
pressed with >10-fold up-regulation in phSG cells grown in KGM-
H vs. in KGM-L condition. Among those, miR-125A, miR-664, miR-
3651, miR-4647 and miR-4709 were only expressed in phSG cells
maintained in KGM-H (Table S1). We used real-time RT-PCR exper-
iments to validate these results, and as shown in Fig. 1A, the most
notable differentially expressed miRNAs were miR-146b, miR-203,
and miR-1248, which were up-regulated by 2.5-, 5- and 3-fold,
respectively (p <.05), whereas miR-491-3p was down-regulated
about 8-fold (p <.05). Of these calcium-regulated miRNAs, we also
found that miR-1248 was significantly more abundant in minor
SGs of SS patients using digital PCR (Fig. 1B). Based on the above,
we further examined the biological role of miR-1248 in SS using
phSG cells as a model for salivary acinar cells.

3.2. Correlation of miR-1248 expression, IFN signaling and SS

To investigate whether there is a correlation between elevated
miR-1248 expression and IFN signaling in SS patients (Table S2),
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Fig. 1. Validation of differentially expressed miRNAs in phSG cells and in SS patients. (a) Total RNAs were isolated from phSG cells maintained either in KGM-L or KGM-H
medium and used for RT-qPCR with indicated TagMan probes. Data are average of three separate experiments with mean+S.E. and presented as a fold change over each
respective low and high calcium sample (* p <.05, Student’s t-test). (b) Expression level of miR-1248 in MSG of Healthy Controls (n=6, circle) and SS subjects (n=38, square)
measured by digital PCR as copies/ul. (c) Total RNA-seq and digital PCR assays were conducted with total RNAs from healthy control (n=6, blue) and SS patients (n=38, red)
biopsies for whole transcriptome analysis and miR-1248 copy number determination, respectively. Data are presented as the copy number of miR-1248 vs. interferon score
of type I and II IFN. The interferon score is the average number of standard deviations from the mean expression level of IFN stimulated genes in healthy controls (IFN-«:
IFIT1, IFI44, EIF2AK2; IFN-B: ISG15, OAS1, IFIH1, RSAD2, IFI6; IFN-y: IRF1, GBP1, SERPING1). Each panel is labeled with the Spearman’s rho value for the correlation between
copy number and IFN score of all samples in the panel and the p-value from a Spearman rank test. HC: healthy control; pSS: Sjogren’s syndrome patient. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

total RNA-seq and digital PCR assays were used to evaluate the ex-
pression of interferon-stimulated genes (ISGs) and the copy num-
ber of miR-1248, respectively. Expression of ISGs was summarized
by a scoring method (see Methods and Materials) that yields in-
creasingly positive values as expression of one or more ISGs is in-
creased in a sample compared to the average of the healthy vol-
unteer samples, and increasingly negative values if they are de-
creased. As shown in Fig. 1C, using the interferon score to repre-
sent the type I and type Il IFN signaling, not only did the copy
number of miR-1248 correlate positively with interferon score, but
the expression level of miR-1248 was also significantly higher in
most of the SS patient samples than in healthy controls (Welch’s t-
test p value =.045). These data demonstrate that miR-1248 expres-
sion is positively correlated to a modest degree (average Spearman
rho of 0.5), with the degree of IFN activation in salivary gland tis-
sue of SS patients.

3.3. Induction of IFN signaling pathway by miR-1248 mimic in phSG
cells

To identify systems-level alterations correlated with this
miRNA, whole transcriptome profiling of miR-1248-transfected
phSG cells was compared to negative control (miR-NC) transfected
samples (Table S3). Differentially expressed transcripts were an-
alyzed by Ingenuity Pathway Analysis (IPA) and revealed an en-
richment for genes involved in canonical IFN signaling pathways.
We selected MX1 and OAS1, two ISGs commonly used as markers
for Type I Interferon activation [34], to monitor the induction of
IFN. As shown in Fig. 2A, MX1 protein was markedly increased in
miR-1248-transfected phSG cells in both KGM-L and KGM-H condi-
tions. Importantly, although endogenous miR-1248 levels increased
three-fold in KGM-H (Fig. 1A), no MX1 expression was detected
in miR-NC-transfected cells (Fig. 2A, lane 3). Interestingly, when
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phSG cells 24 h prior to the transfection of indicate miRNAs for 48 h. Cellular lysates were used for both firefly and renilla luciferase activity. Data are shown as mean +S.E.
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miR-1248 was transfected into primary fibroblasts, HeLa, HEK293
or human salivary gland (HSG) cell line, no MX1 was detected
(Fig. S1), indicating that miR-1248-induced MX1 expression is cell
type-specific. To further confirm the specificity of ISGs induced by
miR-1248, when increasing concentrations of miR-1248 were used
for transfection both MX1 and OAS1 levels increased in a dose-
dependent manner (Fig. 2B), confirming that miR-1248 is respon-
sible for the up-regulation of ISGs in phSG cells.

The up-regulation of several critical IFN signaling components
was further analyzed by quantitative RT-PCR. Compared to the
miR-NC-treated control, the expression of TYK2 and STAT3 was
mildly up-regulated in miR-1248-transfected phSG cells (Fig. 2C).
However, the expression of IKBKE, IRF1, IRF9, JAK1, JAK2, STATI,
STAT2 displayed more robust increases ranging from 2- to 12-fold,
and OAS1 increased >25-fold in the presence of miR-1248 (Fig. 2C).

Furthermore, when miR-1248 was co-transfected together with the
luciferase reporter constructs containing either the STAT1/STAT2-
responsive motif or the IRF1-binding motif in the promoter region,
luciferase activity showed a 2.5- and 10-fold increase, respectively,
compared to miR-NC-transfected controls (Fig. 2D). This verifies
that the increase of ISGs expression in miR-1248 transfected phSG
cells was mediated by the IFN/STAT/JAK signaling.

3.4. MiR-1248 leads to secretion of IFN-f

Next, we studied whether induction of the IFN signaling path-
way by miR-1248 is responsible for the activation of the STAT/JAK
signaling pathway. A mixture of siRNAs against type I IFN-o/8
receptor (IFNAR1 and IFNAR2) markedly reduced the expression
of MX1 protein in miR-1248-transfected phSG cells (Fig. 3A),
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indicating that the activation of STAT/JAK signaling pathway by
miR-1248 is dependent upon the presence of IFNAR1/R2 receptors
in phSG cells. To identify if, and which, IFN cytokines were pro-
duced, phSG cells were transfected with various concentrations of
miR-1248 and the extracellular media were collected for ELISA as-
says. As shown in Fig. 3B, only IFN-8, and not IFN-o or IFN-y,
was produced and secreted into the culture media in a miR-1248
dose-dependent manner. To evaluate the biologic activity of se-
creted IFN-, phSG cells were cultured with the conditioned media
from miR-1248-transfected phSG cultures. In these cultures, MX1
expression was significantly increased (Fig. 3C). However, this el-
evation was reduced with siRNA-mediated knockdown of IFNAR1

and IFNAR2 or treatment with an miR-1248 inhibitor prior to the
addition of conditioned medium (Fig. 3C). Taken together, these
data demonstrate that miR-1248 induces the production and se-
cretion of IFN-8, subsequently activates STAT/JAK signaling path-
way and leads to upregulation of MX1, OAS1 and ISG15 (see
Fig. 4A and S2) expression in phSG cells.

3.5. Activation of RIG-I-mediated IFN signaling by miR-1248
To identify members of the IFN signaling pathway involved

in the miR-1248-mediated induction of IFN-8 in phSG cells, we
used siRNAs targeting these members prior to the treatment of
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miR-1248. First, to determine whether endosomal TLRs are in-
volved, siRNAs were also used to knockdown either MYD88, IRF7
or TLR3. No effect was observed on the miR-1248-induced MX1 ex-
pression (Fig. S2), showing that endosomal TLRs were not responsi-
ble for the immune response. Knockdown of HMGB1 (Fig. 4A, lane
3) also did not affect miR-1248-induced MX1 expression compared
to the siRNA-NC control (Fig. 4A, lane 2). However, knockdown of
MAVS (Fig. 4A, lane 4), LGP2 (Fig. 4A, lane 7) or TRIM25 (Fig. 4A,
lane 8) reduced MX1 expression by 60%, 30% and 40%, respectively.
Knockdown of either IFN-«/8 receptors (INFAR1/R2, Fig. 4A, lane
5) or retinoic acid-inducible gene-I (RIG-I, Fig. 4A, lane 6) com-
pletely abolished MX1 expression, not only confirming the impor-
tance of the role of type I IFN receptors, but also revealing that
RIG-I plays a critical role in miR-1248 mediated IFN-8 production.

To rule out possible artifacts caused by the modification used
to stabilize the synthetic microRNAs, we generated a viral expres-
sion construct containing pre-miR-1248 DNA sequences (pAC-Pre-
miR-1248) and transduced it into phSG cells. The increase of the
mature miR-1248 was confirmed by RT-qPCR (Fig. S4). As shown
in Fig. 4B, viral transduction on its own (pAC-EGFP, as a negative

control) did not induce MX1 expression (lane 2), indicating that
the viral transduction alone was not sufficient to activate IFN sig-
naling. However, as expected, expression of pAC-Pre-miR-1248 re-
sulted in an induction of MX1 in phSG cells (lane 3). Knockdown
of the endoribonuclease Dicer1 (lane 4) and RIG-I (lane 6) signif-
icantly diminished MX1 expression, indicating that processing by
Dicer and generation of the mature miR-1248 are required to up-
regulate MX1 expression through RIG-I-mediated activation of IFN
signaling. Interestingly, knockdown of AGO2 (lane 5), which is a
critical component of the RNA-induced silencing complex (RISC)
and normal miRNA function, led to only a 25% reduction of MX1
expression, suggesting that miR-1248 might play an additional role
in IFN signaling activation through canonical miRNA function. In
summary, these data demonstrate that the viral-transduced miR-
1248 precursor is processed by Dicer into its mature form in phSG
cells and results in up-regulation of MX1 expression similar to that
we observed using miR-1248 mimics. In addition, the decrease in
MX1 in the absence of AGO2 strongly suggests a role of this miRNA
on IFN signaling by targeting other key players in the IFN genera-
tion pathway as a post-transcriptional regulator.
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3.6. Upregulation of RIG-I expression by miR-1248 in phSG cells

It has been reported that RIG-I expression is up-regulated by
IFN signaling [35,36], so we examined whether expression of RIG-I
was regulated by miR-1248 in epithelial cells. Transduction of pAC-
Pre-miR-1248 in HSG cells resulted in neither an increase of MX-1
expression, nor a detectable RIG-I protein band (Fig. 4C, lane 2).
Trace amounts of RIG-I with no MX1 induction were observed in
phSG cells transduced with a pAC-EGFP construct (lane 5), indi-
cating low levels of endogenous RIG-I in phSG cells. Expression
of miR-1248 precursor showed markedly increase of both RIG-
I and MX1 expression (lane 6). These observations were further
supported by RT-qPCR in which the level of RIG-I and MX1 tran-
scripts displayed a similar pattern after miR-1248 transfection (Fig.
S3A). Compared to the miR-NC-transfected control, the expression
of RIG-I shows a 17-, 35- and 24-fold increase at 24h, 48 h and
72 h, respectively. Similarly, the expression of MX1 shows an 80-
, 190-, and 100-fold increase at 24h, 48h and 72h, respectively.
These observations were further supported by an increase in both
RIG-I and MX1 transcript levels in phSG cells treated with IFN-8
cytokine directly (Fig. S3B). Together, these data demonstrate that
expression of RIG-I was up-regulated by miR-1248-mediated acti-
vation of IFN-8 in phSG cells.

3.7. Direct binding of miR-1248 with RIG-I and AGO2 in phSG cells

It has been known that RIG-I acts as an RNA sensor to me-
diate Toll-like receptor (TLRs)-independent IFN-«/8 induction in
the presence of replicating RNA viruses [37,38]. As shown above,
knockdown of RIG-I markedly abolished miR-1248-induced MX1
expression in phSG cells, and given its function as an RNA sen-
sor, it is likely that RIG-I binds miR-1248 directly to trigger
activation of the IFN-B signaling pathway. To study this, RIG-
I/miR-1248 complexes were immunoprecipitated (IP) with a mono-
clonal antibody against RIG-I from extracts of either pAC-Pre-miR-
1248-transduced or miR-1248 mimic-transfected phSG cells. Co-
immunoprecipitation of endogenous RIG-I was very efficient and
the majority of RIG-I protein was recovered from cell lysates (Fig.
S5A). In addition, the association between miR-1248 and RIG-I
was observed in either pAC-Pre-miR-1248-transduced or miR-1248
mimic-transfected phSG cells (Fig. S5B). Due to the possible dual
role of miR-1248, the co-IP was repeated with antibodies against
RIG-I, AGO2 and GFP. The amount of miR-1248 associated with
RIG-I and AGO2 was enriched 50- and 125-fold, respectively, com-
pared to that of GFP antibody pull-down control (Fig. 4D). These
data demonstrate that miR-1248 can interact with either RIG-I or
AGO2 in phSG cells, providing direct evidence of the dual role of
miR-1248 as an inducer of IFN signaling initiated by the binding
with RIG-I and as a canonical miRNA associated with AGO2.

3.8. MiR-1248 directly targets DAK and ITPR3 transcripts

To confirm the canonical miRNA function of miR-1248 and to
identify its direct mRNA targets, we used the RNA22 miRNA target
prediction database [39,40]. The genes ITPR3 and DAK were of in-
terest since the role of ITPR3 in SS salivary gland dysfunction has
been documented [27] and DAK plays a role as a repressor for type
I IFN signaling pathway [41]. Therefore, we sought to further ex-
plore the effects of miR-1248 on these two target genes.

To confirm direct targeting of the ITPR3 and DAK transcripts by
miR-1248, we measured their expression over time in miR-1248
mimic-transfected phSG cells. As shown in Fig. 5A, the level of
DAK and ITPR3 transcript decreased about 30% and 55%, respec-
tively, beginning as early as 16 h post-transfection compared to the
miR-NC-transfected control sample. No reduction was observed in
PIN1 transcript, which is another repressor for Type I IFN signaling

pathway and was used as a control. Target prediction by RNA22
revealed two regions in the coding sequence of ITPR3 and one in
DAK’s 3’-UTR as potential miR-1248 binding sites. In addition, as
shown in Fig. 5B, not only was the induction of MX1 expression
dose-dependent (lane 3 and 4), but a reduction of ITPR3 protein
level was also observed after miR-1248 mimic transfection (lane
4). To confirm these target sites, luciferase reporter constructs and,
as shown in Fig. 5C, miR-1248 mimic down-regulated luciferase
activities of the DAK-3’UTR and the ITPR3-CDS plasmids by 40%
and 50%, respectively, compared to the miR-N.C.-transfected con-
trols confirming functionally relevant binding of miR-1248 to both
the ITPR3 and the DAK transcript.

As an orthogonal approach to confirming the effect on ITPR3,
double immunofluorescence staining was performed in miRNA-
transfected phSG cells for ITPR3 and for MX1 which was used as
an indicator for successful transfection. As shown in Fig. 6A, the
control miR-N.C.-transfected cells (a-c) show faint staining of MX1
(a) and strong staining of ITPR3 (b) with a distribution in the cy-
toplasmic region. In contrast, the miR-1248 mimic-transfected cells
display strong MX1 staining (d) and weak ITPR3 staining (e). There
were few cells displaying strong ITPR3 signal with very weak or
no MX1 staining (f, arrow) suggesting that these cells were most
likely untransfected and that MX1 and ITPR3 staining were mutu-
ally exclusive. The silTPR3-transfected phSG cells used as a control,
show background staining of MX1 (g) and relative weak ITPR3 (h)
staining. Few untransfected cells exhibited strong ITPR3 staining (i,
arrow).

3.9. Canonical miRNA function of miR-1248 has functional effects on
both Ca®* and IFN signaling

To establish the functional alterations caused by the down-
regulation of ITPR3 in the presence of miR-1248 and to separate
the canonical and non-canonical effects of miR-1248, we examined
CCh-induced [Ca2*]i increases in HSG cells by measuring changes
in Fluo-4 fluorescence. Agonist-stimulated intracellular CaZ* re-
lease was measured by administering 100 uM CCh in the absence
of extracellular calcium, measured as a transient increase in flu-
orescence. Subsequent addition of 1mM calcium to the external
medium triggered a second increase in fluorescence due to CaZ
entry. As shown in Fig. 6B, when compared to controls (HSG cells
transfected with miR-N.C.) there is a 36% and 14% reduction in cal-
cium release and calcium entry, respectively, in miR-1248-treated
cells. Together, these data demonstrate that the reduction of ITPR3
by miR-1248 impairs the SOCE signaling pathway in HSG cells.

Besides the direct binding with RIG-I, we also studied the role
of miR-1248 as a canonical miRNA involved in the IFN signaling
pathway. Knockdown of AGO2 and RIG-I resulted in a 50% and 90%
MX1 reduction, respectively, compared to control in pAC-Pre-miR-
1248-transduced phSG cells (Fig. S6) and this reduction was also
observed at the protein level (Fig. 4B). Furthermore, knockdown of
DAK in miR-1248 mimic-transfected phSG cells resulted in a mod-
est increase of MX1 expression (Fig. 5D, lane 6) compared to the
control (lane 2), confirming the negative role of DAK in IFN in-
duction. Together, these data confirm that miR-1248 targets the
DAK transcript, contributing to the regulation of IFN signaling in
phSG cells by regulating this negative regulator of IFN signaling as
a canonical miRNA.

4. Discussion

SS pathobiology remains elusive. To understand the biological
processes that underlie the immunological progression of SS, we
applied deep sequencing and analysis based on well-characterized
cellular alterations to identify key players and their function in the
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Fig. 5. Canonical targets of miR-1248 in phSG cells. (a) Down-regulation of DAK and ITPR3 expression was observed in the presence of miR-1248 by RT-qPCR. Relative
quantification over the control (miR-NC) is presented as the mean from three independent experiments (*, p <.05, Student’s t-test). (b) Decrease of ITPR3 in the presence
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pathophysiology of salivary glands in SS. As miRNAs are consid-
ered as master regulators of cellular functions, we examined their
functional role in SS in a systematic way.

Whole transcriptome profiling of phSG cells identified the
calcium-regulated increase of a miRNA, miR-1248. Extensive whole
transcriptome experiments of minor SGs of SS patients and healthy
controls also identified miR-1248 to be significantly elevated in SS.
Interestingly, the increased levels of this microRNA correlated with
an increase in the expression of IFN signature genes, therefore we
proceeded to further characterize the role of this miRNA in SS.
In silico miRNA target prediction and exhaustive experiments with
the phSG cell culture model confirmed two direct targets of miR-
1248: DAK, a negative regulator of type I IFN, and ITPR3, a key
component of calcium signaling. The use of whole tissue lysates
does not does not account for the underlying glandular cell-type
heterogeneity and this was a limitation that led us to examine the
expression and effect of this miRNA in various types of cell lines.

The down-regulation of DAK caused by miR-1248 synergisti-
cally enhances the activation of the IFN response, while down-

regulation of ITPR3 provides a functional mechanism for a pre-
viously reported observation in SS salivary glands that has been
shown to be a key player in SS-associated SG dysfunction [27]. Col-
lectively, our data provide strong evidence toward a multifaceted
role for miR-1248, presented as a graphical representation in Fig. 7.
By modulating both IFN and calcium signaling in SS, miR-1248 af-
fects two important functions of a target organ in this disease, and
therefore, we propose that it serves as an underlying molecular
mechanism involved in this autoimmune syndrome.

Few studies have examined biological roles of miR-1248.
Hooten et al., reported that miR-1248 increases in serum and
could be used as a biomarker for aging [42]. In our study, the
copy number of miR-1248 is poorly correlated with age (Spear-
man’s tho=0.2, p=.49), and shows moderate but non-significant
correlation with focus score (rho=0.43, p=.13), unstimulated
salivary flow (rho=-0.47, p=.09), and stimulated salivary flow
(rho=-0.48, p=.08). Copy number is significantly associated with
presence of SSA and SSB autoantibodies (Kruskal Wallis p=.04),
but not with C3 (p=.49) or C4 (p=.1). Differential expression of
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miR-1248 was found in serum of asthmatics patients and involved
in up-regulation of IL-5 expression [43].

The genomic region containing miR-1248 is a complex lo-
cus with several overlapping annotated features in the RefSeq
database. The annotated 5'-end of the miRNA precursor is only
three bases upstream of the small nucleolar RNA (snoRNA),
SNORA81 and both map to intron 7 of the protein-coding gene
EIF4A2. This genomic organization, where the precursor sequence
is almost completely nested within the snoRNA, poses a challenge
for RNA-Seq studies. The consensus recommendation for summa-
rizing gene counts in RNA-Seq data calls for discarding reads that
fall within such an overlapping locus [29,44], since the true source
of a read fragment is indistinguishable given the short-read se-

quencing strategy employed by most NGS platforms. Therefore, it
is important to note that despite the high copy number we ob-
served in patients using digital PCR, the upregulation of miR-1248
would not have been detectable using standard analysis techniques
in whole transcriptome RNA-Seq expression comparisons between
SS patients and healthy volunteers. Numerous studies have re-
ported on the processing of snoRNAs into miRNAs, or snoRNAs
performing miRNA-like function [45-47], but it remains unclear
whether miR-1248 is a processed product of SNORA81 or if it
is independently transcribed. Nevertheless, the elevation of miR-
1248 in differentiated phSG cells and in SGs of SS patients sug-
gests its expression is a calcium-dependent and disease-related
event.
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Transfection of miRNAs or siRNAs leading to an unexpected IFN
induction has also been documented [48-50]. The unintended re-
sults in some cases were due to the use of liposome for deliv-
ery into cells [48]. Reynolds et al., observed that dsRNA sequences
longer than 23 bp transfected in concentrations of 10-100nM in-
duced IFN response in a cell type-dependent manner [51]. How-
ever, Zhao et al., showed that miR-136, which is a 23mer miRNA,
could activate the RIG-I signaling pathway, possibly through a di-
rect association with RIG-I, but the precise binding mechanism
between miR-136 and RIG-I was not clarified [50]. To exclude non-
specific effects, we implemented the following specific strategies.
First, based on the dose-response study of miR-1248 on MX1 ex-
pression, we used low concentrations (<5 nM) of miR-1248 in most
of the experiments, levels which have not been associated with
non-specific activation of IFN. Second and most importantly, we
expressed the pre-miR-1248 DNA construct and confirmed miR-
1248-mediated IFN activation., The miR-1248-mediated IFN-8 in-
duction seems to be cell type-dependent since such IFN response
was observed only in primary epithelial, but not in primary fi-
broblasts or in immortal cell lines like HSG, HeLa and HEK293
(Fig. S1).

It has been reported that transfection a 27mer dsRNA induces
more IFN-response genes in HelLa S3 than in HEK293 cells [51].
This correlates with the degree of IFN induction on the expression
of Toll-like receptor 3 (TLR3) and RNA-dependent protein kinase R
(PRKR). However, in this study we suspect that the reason for the
lack of induction of IFN-response in miR-1248-transfected cell lines
is due to either low level or undetectable RIG-I protein as shown
in the case of HSG cells (Fig. 4B, lane 1 and 2). It has been doc-
umented that RIG-I preferentially associates with short dsRNA, or
a 5'-triphosphate group at the end of ssRNA longer than 19 mers

with rich in U residues [52,53]. Also, some siRNAs or miRNAs con-
tain immunostimulatory sequences (GUCCUUCAA or GU-rich) and
can activate IFN pathways in certain cell types [54-56]. This motif
is not present in miR-1248 - although the seed sequence, CCUU-
CUUG, comes close - so the precise nature the binding of miR-
1248 to RIG-I remains unclear.

The length and sequence of viral RNAs or miRNAs acting as a
ligand to RIG-I have been studied extensively, though no study has
reported on the threshold level of RIG-I ligand needed to induce
IFN signaling. Even as a three-fold increase of miR-1248 was ob-
served in phSG grown in KGM-H (Fig. 1A), no MX1 induction was
detected (Fig. 2A). However, under different experimental condi-
tions, transfection as low as 1nM of miR-1248 mimic into phSG
cells was sufficient to detect MX1 induction after 48h (Fig. 3B).
Therefore, it is possible that miR-1248 expression needs to reach
a certain threshold level in order to induce IFN signaling in phSG
cells. Further studies are needed to identify the causes of the in-
creased levels of this microRNA in the salivary epithelial cells. An-
imal experiments tracking the trafficking of exosomes enriched in
miR-1248 between cells and tissues would dissect the impact of
exogenous vs endogenous produce miR-1248 and which events oc-
cur first and drive the observed IFN release.

In summary, our findings identify an intriguing mechanism of
the pathogenesis of SS and the ensuing SG dysfunction as they re-
veal a dual role of miR-1248 in human SG acinar cells; the acti-
vation of the IFN pathway by binding to RIG-I and the dysregu-
lation of IFN signaling and calcium signaling by down-regulating
DAK1 and ITPR3, respectively, through its canonical miRNA func-
tion. This provides important insights into the pathogenesis and
potential therapeutic approaches for the protection of acinar cells
from dysfunction in SS patients.
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